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Summary The effects of dietary iron deficiency on induction of putative preneoplastic, gamma-
glutamyltransferase (GGT)-positive hepatocyte focal lesions in the liver of rats treated with diethylnitrosamine
(DEN) followed by phenobarbital (PB) were investigated. Male Fischer 344 rats of4 weeks old were placed on
an iron deficient (ID) diet containing less than 5 p.p.m. of iron or an iron supplemented (IS) diet containing
180 p.p.m. of iron throughout experimental period of 12 weeks. Both groups of rats were administered
200 mg kg- body weight of DEN by a single intraperitoneal injection at Week 4 followed by PB mixed into
each diet at a concentration of 0.05% from Week 6 to the final sacrifice at Week 12 when induction of
GGT-positive foci was quantitatively analysed. On the ID and IS diets, respective numbers of GGT-positive
foci were 6.3 and 14.2 cm2. The sizes of foci were not altered by the iron content of the diet. The present
results indicate that iron plays a role in the development ofpreneoplastic foci in the livers of rats initiated with
DEN and promoted by PB especially in the initiation phase.
Recently, a role of iron in carcinogenic processes has
attracted increasing attention. Ferric nitrilotriacetate has
been revealed to exert renal carcinogenicity as well as neph-
rotoxicity (Li et al., 1987; Hamazaki et al., 1989; Umemura
et al., 1990). A role of iron in the growth of neoplastic cell
population has also been pointed out (Hann et al., 1988;
Hann et al., 1989; Hann et al., 1990). It is thus conceivable
that iron overload or deficiency in the target organ may alter
the development of neoplasms. As far as iron overload is
concerned, several results have been reported suggesting
enhancing effects including a high incidence of hepatocellular
carcinomas in human patients suffering from hereditary
hemochromatosis has been reported (Bacon & Britton, 1989).
In contrast, the effects of iron deficiency on carcinogenesis
have still been the subject of only little attention.
Since it is generally accepted that hepatocyte foci demon-
strating altered enzyme phenotypes including gamma-
glutamyltransferase (GGT) expression are putative
preneoplastic lesions for hepatocellular carcinomas, their
quantitative analysis is a useful tool for evaluation of
modulation of hepatocarcinogenesis in rats (Pitot & Sirica,
1980; Farber, 1984; Williams, 1989). In the present experi-
ment, we examined the effects of dietary iron deficiency on
induction of GGT-positive hepatocyte foci in rat liver
initiated with diethylnitrosamine (DEN) and promoted by
phenobarbital (PB) in order to cast further light on a role of
iron in rat chemical carcinogenesis.
Materials and methods
Animals
Male Fischer 344 rats were obtained at 3 weeks of age from
Japan SLC, Inc., Hamamatsu, Shizuoka, Japan and used
after being acclimatised for 1 week with free access to Orien-
tal MF Diet (Oriental Yeast Co. Ltd., Itabashi, Tokyo,
Japan). The animals were housed in iron-free plastic cages in
an air-conditioned room maintained at 25°C with a 12 h
dark/light cycle and allowed access to food and tap water ad
libitum throughout the investigation. The experiments were
started by placing rats on the prepared diets after fasting fcr
18 h on the last day of their acclimation.
Chemicals and diets
DEN was obtained from Wako Pure Chemical Industries,
the City of Osaka, Osaka, Japan and diluted with 0.9%
NaCl solution to 100 mg ml-'. PB was supplied by Maruishi
Pharmaceutical Co. Ltd., the City of Osaka, Osaka, Japan.
Iron deficient (ID) and iron supplemented (IS) diets were
synthesised by Oriental Yeast. The IS diet was designed to
have a practically identical composition to Oriental MF Diet,
a diet commonly used as a standard diet in numerous labora-
tories, including an iron content of 180 p.p.m. The ID diet
was similarly produced with the exception that an iron con-
tent was diminished to less than 5 p.p.m. The ID or IS diet
had a similar calorific content to Oriental MF Diet. Since
using the IS diet in place of Oriental MF Diet did not alter
any items analysed in the present experiments (data not
shown), the IS diet is safely able to serve as a control diet.
Protocolfor Experiment 1: Effects ofdietary iron deficiency on
induction ofGGT-positivefoci in rat liver
The animals were divided into eight experimental groups
based on the different treatments. Effective numbers are pre-
sented in Table I. Rats in Groups 1 to 4 received the ID diet
throughout the experimental period of 12 weeks. Rats in
Group 1 were given a single intraperitoneal injection of DEN
at a dose of200 mg kg-' body weight at Week 4, followed by
administration of PB mixed into the ID diet at a concentra-
tion of 0.05% from Week 6 to Week 12. Rats in Group 2
received DEN without the following PB administration. Rats
in Groups 3 and 4 were given the 0.9% NaCl solution vehicle
instead of DEN with and without the following PB admini-
stration, respectively. Rats in Groups 5 to 8 received the IS
diet throughout the experimental period. Rats in Groups 5
and 6 received DEN with and without the following PB
administration, respectively. Rats in Groups 7 and 8 received
the 0.9% NaCl solution in place of DEN with and without
the following PB administration, respectively. All rats were
sacrificed 12 weeks after the beginning of the experiment
under ether anesthesia, and the livers were excised.
The livers were blotted, fixed in an ice-cold mixture of
dehydrated ethanol and glacial acetic acid at a ratio of 19:1
for 3 h followed by an overnight incubation in 99.5% ethanol
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Table I Experimental details and quantitative data regarding the influence of dietary iron deficiency on the
induction of GGT-positive hepatocyte foci in the livers of rats initiated with DEN and promoted by PB
Effective Liver weight GGT-positive hepatocytefoci
number Final body (g 100-') Size (mean area;
Group Diet DEN PB of rats weight (g) body weight NumberCm2 mm2 x 102)
1 ID + + 9 272± 11a,b 6.70 ±037c,d 6.3+ 3.6b,c 7.0 ± 0.9
2 ID + - 9 276± 10 5.77 ± 0.23c 3.4 ± 2.2b 7.4 ± 0.8
3 ID - + 9 294± 14 7.03 ± 0.33c,d 0.7 ± 0.5 6.8 ± 3.3
4 ID - - 9 289± 29 6.02 ± 0.36c 0.4 ± 0.2 6.8 ± 1.5
5 IS + + 8 269± 13b 7.26± 0.36d 14.2+ 4.4b,d 7.0± 1.1
6 IS + - 8 284± 14 6.55 ± 0.56 5.9± 2.6b 7.4± 0.7
7 IS - + 8 299± 11 8.24±0.67d 0.5 ±0.2 6.8 ±0.8
8 IS - - 8 296± 15 6.99±0.75 0.4±0.3 6.7± 1.5
aResults are means ± standard deviations; bSignificantly different from the respective groups not
administered DEN (Groups 3, 4, 7 and 8 for Groups 1, 2, 5 and 6, respectively) (P<0.01); cSignificantly
different from the respective iron-supplemented groups (Groups 5, 6, 7 and 8 for Groups 1, 2, 3 and 4,
respectively) (P <0.01); dSignificantly different from the respective groups are administered PB (Groups 2, 4, 6
and 8 for Groups 1, 3, 5 and 7, respectively) (P<0.02 in Liver Weight and P<0.001 in Numbercm-2).
at 4'C and embedded in paraffin for histological and histo-
chemical examinations of tissue sections. Two sequential liver
sections were prepared from three major lobes of each liver
sample, and one of them were processed routinely for
hematoxylin and oesin stainings. In the other section, GGT
activity was demonstrated histochemically by the method of
Rutenberg et al. (1968). Quantitative analyses ofthe numbers
and sizes of GGT-positive foci were performed as previously
described (Denda et al., 1989).
Protocolfor Experiment 2: Effects ofdietary iron deficiency on
blood biochemistry, liver contents ofiron, cytochrome P450
andglutathione andperoxidative state ofhepatocellular lipids
in rats
Groups 1 and 2, consisting of 35 rats each, respectively
received the ID and IS diets for the first 4 weeks, followed by
Oriental MF Diet for 2 weeks. During the experimental
period of 6 weeks, sub-groups of five rats each from Groups
1 and 2 were serially sacrificed under ether anesthesia 0, 1, 2,
4, 43/7, 5 and 6 weeks after the commencement. On sacrifice,
blood was taken from the bifurcation of the abdominal
aorta, and the livers were excised. The blood was allowed to
clot at room temperature and centrifuged for 20min at
3,000 xg at 25°C to obtain serum. Aliquots of the blood
obtained at Week 4 were immediately placed into test tubes
with an anticoagulant.
The obtained sera were assayed for concentration of iron
and total iron binding capacity (TIBC) by the method of
Bonda (1968). Aliquots ofthe blood stored in the presence of
an anticoagulant were determined for the numbers of red
blood cells, the haemoglobin concentration and hematocrit
score in a routine clinicobiochemical manner. The livers were
taken, blotted, reduced to ashes by an overnight incubation
at 100°C, dissolved in nitric acid and determined for iron
content by atomic absorption spectrometry. From portions
of the livers obtained at Week 4, microsomal fractions were
prepared according to Curtis et al. (1984) and utilised for the
determination of cytochrome P450 content by an adaptation
from the ascorbate-phenazine ethosulfate method of Johan-
nesen and DePierre (1978). The remaining portions of such
livers were used for the assays of hepatic reduced glutathione
(GSH) level and peroxidative state of hepatocellular lipids by
adaptations from the methods of Sedlak and Lindsay (1968)
and Yagi (1976), respectively. Protein concentration was
determined by BCA Protein Assay employing bicinchoninic
acid (Pierce Chemical Co., Rockford, IL, USA).
Statistical analysis
The statistical significance ofintergroup differences in quanti-
tative data was determined with the paired Student's t-test.
Results
Inhibitory effect ofdietary iron deficiency on induction of
GGT-positivefoci in the liver ofrats receiving DEN initiation
followed by PBpromotion (Experiment 1)
Table I summarises final body and liver weights with the
numbers and sizes of GGT-positive foci. During the experi-
mental period, average food intake was constant among
groups (data not shown). There were no significant differences
among groups in the final body weight with the exception
that, in the presence ofPB-treatment, rats administered DEN
were significantly lighter than those not administered DEN
(compare Groups 1 and 3 and Groups 5 and 7). The liver of
rats on the ID diet in respective treatment patterns was
significantly lighter than that of rats on the IS diet (compare
Groups 1 and 5, Groups 2 and 6, Groups 3 and 7 and
Groups 4 and 8). On the other hand, the liver of rats
administered PB in respective treatment patterns was
significantly heavier than that of rats free from PB exposure
(compare Groups 1 and 2, Groups 3 and 4, Groups 5 and 6
and Groups 7 and 8). In all of the groups, GGT-positive foci
were developed. Those foci were histologically characterised
as acidophilic foci with ground glass appearance constituted
by more than 10 altered hepatocytes with hyperchromatic and
enlarged nuclei containing prominent centrally located
nucleoli according to the criteria described by Institute of
Laboratory Animal Resources, National Research Council,
National Academy of Sciences, Washington, DC (1980). In
rats initiated with DEN, dietary iron deficiency significantly
inhibited GGT-positive foci induction in the presence of PB
promotion (compare Groups 1 and 5) and also exhibited a
trend of inhibitory effect on the foci development in the
absence of PB promotion (compare Groups 2 and 6). The
sizes of GGT-positive foci were almost similar irrespective to
treatment groups.
Alteration ofserum andhepatic status in rats by dietary iron
deficiency (Experiment 2)
Serum iron concentration of rats on the ID diet was depleted
within 2 weeks, remaining low until 1 week after the rats
were replaced on Ortiental MF Diet. Recovery of control
level occurred in the following 1 week. Values in rats main-
tained on the IS diet did not change throughout the experi-
mental period (Figure 1, left panel). The trend as a function
of time for serum TIBC was completely opposite to that for
serum iron concentration. Thus, TIBC increased in rats on
the ID diet within 2 weeks, remained elevated until 1 week
after the rats were replaced on Oriental MF Diet and
recovered down to the control level in the next 1 week. The
rats on the IS diet showed no change in TIBC values duringINHIBITION OF HEPATOCARCINOGENESIS BY DIETARY IRON DEFICIENCY
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Figure 1 Induction ofreversible combined iron deficient anaemia and hepatic iron deficiency in male Fischer 344 rats ofExperiment
2. Circles and open triangles represent the mean results for Groups I and 2, respectively (plus the positive standard deviations), of
determinations for five individual rats. Closed squares represent respective values at the beginning of the experiment. Solid circles
represent significant differences from the respective control values (at least P<0.05). Arrows represent the timing of the
replacement of the ID or IS diet to Oriental MF Diet.
the experimental period (Figure 1, middle panel). At Week 4,
the numbers of red blood cells, haemoglobin concentration
and haematocrit score were significantly lower in rats on the
ID diet than in the IS diet animals (Table II). Hepatic iron
content of rats on the ID diet became progressively depleted
in a linear way after Week 1, the decrease being significant at
Week 4. Depleted levels remained until 1 week after the rats
were replaced on Oriental MF Diet and recovered up to the
control level in the next 1 week. Placing rats on the IS diet
did not alter their hepatic iron content (Figure 1, right
panel). Cytochrome P450 content, GSH level or peroxidative
state of hepatocellular lipids in the liver of rats was not
altered significantly by feeding the ID diet for 4 weeks (Table
III).
Discussion
The present results clearly indicate an inhibitory effect of
dietary iron deficiency on the development of GGT-positive
preneoplastic focal lesions in the liver of rats initiated with
DEN. Assuming a role of iron as an essential mineral
required for growth and maintainance of life, however, the
present results might be interpreted only to reflect a general
growth retarding effect of dietary iron deficiency. Although
liver weight of rats on the ID diet for 12 weeks was lighter
than that of rats on the IS diet, dietary iron deficiency under
the present experimental conditions did not exert a general-
ised growth retarding effect since growth of rats or liver
enlargement resulting from the PB treatment was not
affected. In the relatively rapid growing foci, however, a
growth retarding effect of dietary iron deficiency might be
amplified. Iron has been reported to play a role in the growth
of neoplastic cell populations (Blatt & Stitely, 1987; Becton
and Bryles, 1988; Hann et al., 1988; Hann et al., 1989; Hann
et al., 1990). Inhibitory effect ofdietary iron deficiency on the
induction of GGT-positive foci might, therefore, be ascribed
to a reduction for the initiated cells to grow into preneo-
plastic foci by a reduced availability of iron.
The results in the present experiment, however, strongly
suggest that iron plays a certain role in the initiation phase of
chemical rat hepatocarcinogenesis. Thus, dietary iron
deficiency reduced the number of foci developed in rat liver
without an alteration on their size. According to the well
accepted description ofPitot et al. (1989), number and size of
foci indicate initiating and promoting activities, respectively.
It is, therefore, unlikely that inhibitory effect of dietary iron
deficiency on development of GGT-positive foci is fully attri-
butable to its growth retarding effect. In addition, a
preceeding 4-week dietary iron deficiency did not seem to
affect a bioactivation of DEN because of a lack of an
alteration ofliver content ofcytochrome P450, relating to the
bioactivation of DEN (Ton & Fong, 1984; loannides &
Parke, 1987), although an overall content of cytochrome
P450 may not be sufficient to address the issue of potential
effects on DEN bioactivation. Accumulating evidences have
suggested a participation of an oxidative stress in chemical
carcinogenesis in its initiation, promotion and progression
phases (Slaga et al., 1981; Copeland, 1983; Cerutti, 1985;
O'Connel et al., 1986; Marnett, 1987; Vuillaume, 1987), and
iron is well known to be one ofthe most essential catalysts in
oxidative stress reactions to generate highly reacting activated
oxygen species such as hydroxyl radical (Halliwell & Gut-
teridge, 1984). A causal participation of an iron-associated
oxidative stress is postulated in the mechanisms of the high
risk of hepatocellular carcinoma development in human
patients suffering from hereditary hemochromatosis (Bacon
& Britton, 1989) and of the renal carcinogenicity, especially
its initiation phase, as well as nephrotoxicity offerric nitrilotri-
acetate in mice and rats (Hamazaki et al., 1989; Umemura et
Table II Anaemia induced in rats on the ID diet for 4 weeks
Number of
red blood cells
Haemoglobin
concentration
Haematocrit
score
Group Diet (10fil-') (mgmlP') (%)
1 ID 731 ± la,b 130± Job 34± 3b
2 IS 855± 17 150±0 44±1
'Results are means+± standard deviations of determinations for
five individual rats; bSignificantly lower than Group 2 value
(P <0.05).
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Table HI Cytochrome P450 content, GSH level and peroxidative state of hepatocellular lipids in the livers
of rats on the ID diet for 4 weeks
Peroxidative state of
Cytochrome P450 content GSH level hepatocellular lipids
Group Diet (pmolmg-' protein) (jugmg-'protein) (nmol MDA equivalentg-' wet liver)
I ID 366 ± 69a 9.5 ± 0.8 1.2 ± 0.1
2 IS 323± 39 9.4±0.8 1.0±0.3
aResults are means ± standard deviations of determinations for five individual rats. MDA; mal-
ondialdehyde.
al., 1990). In the recent review, Bartsch et al. (1989) described
that dimethylnitrosamine and other nitrosamines may be
activated into DNA binding intermediates by cytochrome
P450-dependent formation of alfa-nitrosamino radicals or
photochemically, drew pathways for activation of dialkylnitro-
samines involving free radical intermediates and suggested
that free radicals damage and DNA alkylation are involved
in carcinogenesis induced by nitrosamines. Although it has
not yet elucidated whether free radicals also participate in the
metabolism of DEN in particular, Sholtz et al. (1990)
observed the increased levels of reactive oxygen formation in
neoplastic liver nodules in rats initiated with DEN. In this
context, the inhibitory effect of dietary iron deficiency on
development of preneoplastic foci in rat liver initiated with
DEN may be due to the reduced initiation resulting from a
deficiency of catalytic iron required in oxidative stress reac-
tions.
In conclusion, the present results indicate that dietary iron
deficiency exerted an inhibitory effect on the induction of
putative preneoplastic hepatocyte focal lesions in rat liver
initiated with DEN chiefly by a reduction of DEN initiation.
Inhibitory effects on the growth and development of the foci,
however, may also influence the inhibition of foci induction
by dietary iron deficiency.
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